We derive the luminosity-temperature relation for the accreting black holes (BHs). At the accretion rates below the critical Eddington, the BHs are described by the standard ShakuraSunyaev model resulting in the L ∝ T 4 ∝Ṁ relation. At super-Eddington rates,ṁ = M /Ṁ Edd ≫ 1, a strong outflow forms within the spherization radius R sp ∝Ṁ . If the angular momentum of the outflowing matter is conserved and typical outflow velocities are of the order of Keplerian, the wind occupies 50-85 per cent of the sky as viewed from the BH, while the region around the rotation axis remains transparent. The bolometric luminosity in such a case is known to exceed the Eddington luminosity by a factor 1+lnṁ and the observed luminosity is 2-7 times higher because of geometrical beaming.
INTRODUCTION
A large number of ultraluminous X-ray sources (ULX) has been discovered in the nearby star-forming galaxies (see Mushotzky 2004 , for a review). Their luminosities often exceed 10 39 erg s −1 , the Eddington limit for a stellar (∼10M⊙) mass black hole (BH), by a factor of 10. This was argued to be the evidence for existence of the intermediate-mass BHs (IMBHs, with M = 10 2 -10 4 M⊙; Colbert & Mushotzky 1999 ). However, large apparent luminosities may be produced by super-critical accre-⋆ E-mail: juri.poutanen@oulu.fi (JP); fabrika@sao.ru (SF) tion on to a stellar-mass BH (Shakura & Sunyaev 1973, hereafter SS73; Jaroszyński et al. 1980; Abramowicz et al. 1988; Lipunova 1999; Fabrika 2004; Begelman et al. 2006) , or by the geometric (Fabrika & Mescheryakov 2001; King et al. 2001) or relativistic (Reynolds et al. 1997; Körding et al. 2002) collimation of radiation.
The strongest argument in favour of IMBHs is the presence of soft, 0.1-0.2 keV components in their spectra (Miller et al. 2003 (Miller et al. , 2004 . Arguments against the IMBH interpretation include theoretical problems with their formation (King et al. 2001 ) and their nonstandard spectra, which show a cutoff at a few keV (Stobbart et al. 2006) , while other BHs, stellar as well as super-massive, show power-law-like spectra at a few per cent of Eddington luminosity (Zdziarski et al. 1997) . The presence in some sources of a 1-3 keV component with the corresponding radius of only 30-40 km (Makishima et al. 2000; Stobbart et al. 2006 ) raises further doubts on the IMBH interpretation. The soft components can be interpreted as signatures of an extended photosphere (SS73 ; Lipunova 1999; King & Pounds 2003) , but then we need to explain the simultaneous presence of the harder emission.
Important clues on the nature of ULX come from the presence of extended photoionized nebulae around them (Wang 2002; Pakull & Mirioni 2003; Lehmann et al. 2005; Ramsey et al. 2006) . The observations imply a rather isotropic source of the ionizing radiation rejecting the idea of a strong beaming and a sub-critical accretion on to a stellar-mass BH. On the other hand, there is no good physical reason why a sub-critically accreting IMBH would produce such nebulae. These nebulae are similar to W50, the nebulae around SS 433, the only known persistent super-critical accretor in the Milky Way, radiating around 10 40 erg s −1 (Dolan et al. 1997) . Strong winds and jets from a super-critically accreting compact source can inflate the nebulae (Begelman et al. 1980; Lehmann et al. 2005; Pakull et al. 2006; . We do not see directly the X-ray source in SS 433, but if observed along the symmetry axis, it would be a bright X-ray source which we interpret as an ULX (Fabrika & Mescheryakov 2001; King 2002; Fabrika 2004; Begelman et al. 2006) .
In this paper, we develop a model for the super-critical accretion with outflows taking a more detailed look at the properties of the wind. We construct a one-dimensional, vertically integrated model of the wind, estimate the optical depth through the wind and determine characteristic temperatures as a function of the mass accretion rate (and the luminosity). We further compare the resulting luminosity-temperature relations to the data on ULX as well as BHs in our galaxy.
Units and definitions
For the problem at hand it is useful to introduce the dimensionless variables. We scale the luminosity ℓ = L/L Edd to the Eddington luminosity
whereṀ Edd = 48πGM/cκ = 2 10 18 m g s −1 is the Eddington accretion rate, κ = 0.2(1 + X) = 0.34 cm 2 g −1 is the Thomson opacity and X is the hydrogen mass fraction (which we assume equal to solar X = 0.7). The stellar mass is measured in solar masses m = M/M⊙, and dimensionless accretion rate iṡ m =Ṁ /Ṁ Edd . The distance r = R/Rin is given in units of the inner disc radius Rin = 3RS, where RS = 2GM/c 2 is the Schwarzschild radius. The Keplerian velocity vK(r) = 1/ √ r is measured in units of that at Rin, c/ √ 6. The Keplerian angular velocity ω = r −3/2 is measured in that at Rin. The unit of torque g isṀ Edd √ GM Rin. The density ρ is in units ρ0 =Ṁ Edd /vK(Rin)4πR 
SUBCRITICAL ACCRETION DISCS
At accretion ratesṁ ∼ 0.03 − 1 the properties of the black hole accretion discs can be described by the standard theory (SS73). The energy dissipation within the disc (for one face of the disc) is
which results in the effective temperature variation t(r) ∝ r
at large r and the maximum tmax = (q + max ) 1/4 = 0.64ṁ 1/4 at r = 49/36. The observed maximum color temperature is then
where the color correction fc ≈ 1.7 (Shimura & Takahara 1995) describes the hardening of the spectrum relative to the black body. The emitted flux FE ∝ E 1/3 at E kTc,max. The total emitted luminosity
depends on the maximum temperature as ℓ ∝ t 4 max .
SUPERCRITICAL ACCRETION WITH OUTFLOWS
The matter supply to the BH in a close binary can significantly exceed the Eddington rate,ṁ * ≫ 1. There are two different views on the way the accretion proceeds in this regime. The 'Polish doughnut' or slim disc models (Jaroszyński et al. 1980; Abramowicz et al. 1988 ) assume that all the supplied gas reaches the BH, but most of the gravitational energy released in the disc is drained into the hole as the photons are trapped in the flow. The accretion efficiency drops and the observed luminosity exceeded L Edd only by a logarithmic factor 1 + lnṁ * . The effective temperature distribution follows the r −1/2 law resulting in a flat (in EFE) spectrum FE ∝ E −1 (see e.g. Watarai et al. 2000) . Alternatively, most of the gas can be blown away by the radiation pressure and only a small fraction of itṁ ∼ 1 makes it to the hole (SS73). Reality might be somewhere in between as shown by recent numerical simulations (Ohsuga et al. 2005) . The luminosity and the effective temperature radial distribution are similar to the previous case. The largest difference is in the presence of a strong wind which blocks and reprocesses the radiation from the central part of the disc. The observed spectrum, therefore, depends on the velocity structure and geometry of the wind and the position of the observer relative to the axis of symmetry. Let us first consider the structure of the disc atṁ * 1 and then discuss the effect of the wind on the emergent spectrum.
Structure of the supercritical disc
The scale-height of accretion discs forṁ * ∼ 1 is determined by the balance between the radiation pressure force and the vertical component of gravity (SS73), h = 3ṁ * (1 − r −1/2 ). When the accretion rate exceeds the critical valueṁcr = 9/4, h/r exceeds unity at some radii and the outflow is inevitable. Accurate calculations (Bisnovatyi-Kogan & Blinnikov 1977) show that the outflow can start even at a smaller rate. Atṁ * ≫ṁcr, the disc starts 'feeling' that it is supercritical at the spherization radius rsp ≈ṁ * where the outflow starts.
The wind affects the disc structure by removing the angular momentum. The modified angular momentum conservation equation is
where g is the torque and ω is the Keplerian angular velocity at radius r. Assuming that all the energy dissipated locally in the disc goes to eject the excess mass to infinity:
and applying the boundary conditionsṁ(rsp) =ṁ * (where rsp is a parameter of the model) and g(1) = 0, we can obtain an analytical solution (Lipunova 1999) :
The accretion rate is close to the dependenceṁ(r) =ṁ * r/rsp suggested by SS73. The energy dissipation rate per unit area is
This implies q + (r) ≈ṁ(r) r −3 for 1 ≪ r < rsp (note that factor of 3 has canceled out, cf. equation 2). The luminosities produced within and outside rsp are 
and the total luminosity ℓ ≈ 1 + 3 5 lnṁ * . In this model the energy dissipated at r < rsp goes to accelerate the outflow. In reality, the advection sets in within rsp reducing the outflow rate by a factor of 2 (Lipunova 1999; Ohsuga et al. 2005) . Therefore, about half of the dissipated energy is enough to drive the wind to infinity, while another half escapes as radiation. Because the outflow is optically thick and the radiation is partially trapped (see below), it is energy-driven (not momentumdriven as was assumed by King & Pounds 2003) , and its kinetic luminosity is about L Edd . We finally note here that the advective disc (with or without the outflow) scale-height h/r < 0.6-0.8 even forṁ * = 10 3 (see also Beloborodov 1998) which justifies our use of the vertically integrated quantities.
Properties of the outflows
As our baseline we take the disc model with the outflow described in the previous section. The maximum possible outflow rate iṡ
withṁ(r) given by equation (7). The gas ejected from the accretion disc gains the velocity perpendicular to the disk (in the z direction), vz = ξvK(r) with ξ 1. If the angular momentum is conserved, the gas moves (in the ballistic approximation) asymptotically along the line z/r = ζ = ξ 2 − 1. Because the disc scale-height h/r∼0.6 and ξ is not expected to exceed 1.5-2 (owing to the energy constraints), ζ∼0.6-1.7. The outflow is thus confined in the region outside the cone of opening angle θ given by cot θ = ζ and it occupies Ωw/4π = cos θ =0.5-0.85 fraction of the sky.
Let us construct the vertically averaged wind model. We assume that the mean wind velocity (along the radius) scales with the local Keplerian velocity, another option is that at r > rsp velocity is constant:
where β ∼ ξ 2 − 1 ∼ 1. From the mass conservationṁw = ζr 2 ρvw we find the mean density, which gives us the optical depth in the perpendicular direction, τ ⊥ (r) = τ0 rρ(r)ζ (see Fig. 1 ): − 4/3)/ζβ (case 2) is reached at r = 1. At r > rsp it decays in the way identical to τ ⊥ (Fig. 1) :
The outflow becomes optically thick atṁ * ∼1.3-2. Dolan et al. 1997; Revnivtsev et al. 2002, respectively) and ULX (the best-fit temperatures with blackbody and DISKBB models from Table 5 of Stobbart et al. 2006 and corresponding bolometric luminosities). The curves are theoretical relations for the accretion disc with the outflow model, where the accretion rate varies between 10 −3 to 10 3 of the Eddington (dots indicate the change inṁ * by a factor of 10). Atṁ * > 1 the following temperatures are shown: the maximal disc temperature Tmax and the temperatures at the spherization radius Tsp and at the outer photosphere T ph (for case 1 by the solid curves, and case 2 by the dotted curves). The upper set of curves is for the BH mass m = 15 and the lower curves are for m = 5.
Photospheres and the emitted spectrum
We can define three characteristic radii: (1) the radius of the inner photosphere r ph,in , where τ ⊥ = 1; (2) the spherization radius rsp = 5/3ṁ * , where the optical depth through the wind in the normal direction is maximal; and (3) the outer photosphere r ph,out , where the wind becomes transparent τ ⊥ ≈ τ = 1. The inner photosphere is at r ph,in ≈ (7/6 + 7β/10)(1 + 0.3ṁ
The outer photosphere (forṁ * ≫ 1) is at
which is much larger than spherization radius. A face-on observer would see the emission from three separate zones defined by the three characteristic radii: r < r ph,in , zone A, r ph,in < r < rsp, zone B, rsp < r < r ph,out , zone C.
(19)
In zones A and B, the dissipation rate is (see equations 8 and 9) q + (r) = t 4 (r) = 3 5r 2 1 − r
The maximum effective temperature tmax = 0.65(1 + 0.2ṁ
(corresponding to the observed color temperature Tc,max ∼ 1.27fcm −1/4 keV) is almost independent of the accretion rate and is reached at r = (3/2) 4/5 ≈ 1.38 < r ph,in . In zone A, the wind is transparent and radiation escapes unaffected by the outflow. Its spectrum can be computed using equation (20) assuming a local blackbody emission. Combining equation (17) and (20), we get the temperature at the inner photosphere t ph,in ≈ 0.61(1 + 0.2ṁ −5/2 * ) −3/4 . In zone B, the wind is opaque and the energy generated in the disc is advected by the wind. The ratio of the photon diffusion time in the wind, τ ⊥ rζ/ √ 6, to the dynamical time-scale, rζ/vw, is of the order of unity (this supports the view that the wind is energydriven). Thus the radiation escapes at a radius about twice the energy generation radius. This does not change the radial dependence of the effective temperature t ∝ r −1/2 (see equation 20), resulting in a power-law spectrum FE ∝ E −1 extending from t ph,in / √ 2 to the temperature at (twice) the spherization radius
which is obtained by substituting (11) to equation (20) . The outer zone C emits about the Eddington luminosity ℓ = 1 which is produced mostly in the disc at radii r > rsp. The photon diffusion time here is smaller that the dynamical time, thus most of the energy escapes not far from the radius it is produced. This results in the effective temperature variation close to r −3/4 and the nearly standard spectrum FE ∝ E 1/3 (SS73). An edge-on observer would see only the blackbody-like emission corresponding to the temperature at the outer photosphere:
At intermediate inclinations, the central hot part of the disc may be partially blocked by the wind, and an observer would see a soft spectrum peaking at tsp.
Stellar-mass BHs accreting at a sub-critical rate (but above a few per cent of Eddington) show spectra peaking at a few keV. The standard model (SS73; Sect. 2) predicts the relation L ∝ T 4 ∝Ṁ . The BHs in the Milky Way and LMC (except LMC X-1) closely follow this dependence (see Gierliński & Done 2004, and Fig. 2) .
At super-Eddington accretion rates, we have identified three characteristic temperatures: (i) the maximal disc temperature Tmax≈1.3fcm −1/4 keV; (ii) temperature at the spherization radius keV (case 2). In Fig. 2 we plot the dependences of these temperatures on the bolometric luminosity L bol = 1.5 10 38 m(1 + 0.6 lnṁ * ) erg s −1 . We mark in Fig. 2 the positions of two super-Eddington accretors in our galaxy: a persistent source SS 433 (Dolan et al. 1997 ) and a super-critical transient V4641 Sgr (Revnivtsev et al. 2002) . We associate the optical spectra observed in these sources with the emission from the outer photosphere (which is much cooler that the spherization temperature Tsp, cf. Begelman et al. 2006) and estimate the accretion rate to be about 10 3 Eddington for the wind coasting at r > rsp (case 2). The deviation of LMC X-1 from the standard L-T relation can be understood if the mass of the X-ray source there is only ∼3M⊙ (cf. Hutchings et al. 1983; Ebisawa et al. 1991 ) and the source accretes atṁ * ∼1-3.
We also include the data for the ULX with the most reliable spectra obtained by XMM-Newton (Stobbart et al. 2006 ) and luminosities in excess of 10 39 erg s −1 . The high temperature components can be associated with the hot inner disc of temperature Tmax∼1 keV. Sometimes observed higher temperatures (up to 4 keV) can result from the dramatic overheating of the disc above the effective temperature atṁ * ∼2-20 (Beloborodov 1998) . The soft, ∼0.2 keV component can be associated with the spherization temperature implying the mass accretion rateṁ * = 25f 2 c m −1/2 ∼15-25 onto a stellar mass, m ∼10-20, BH. We note here that the luminosity observed along the symmetry axis may exceed L bol by a factor 1/(1 − cos θ)∼2-7 for the outflow height z/r∼0.6-1.7, resulting in the 10-30-fold excess over the Eddington luminosity (see also Ohsuga et al. 2005; Begelman et al. 2006; .
We see an excellent agreement between the model and the data. This supports views (Fabrika & Mescheryakov 2001; King 2002; Fabrika 2004; Begelman et al. 2006; Vierdayanti et al. 2006 ) that ULX are super-critically accreting stellar-mass BHs similar to SS 433 observed along the symmetry axis.
